To study the changes in cortical oxidative me tabolism and blood volume during behavioral state tran sitions, we employed reflectance spectrophotometry of the cortical cytochrome c oxidase (cyt aa3) redox state and blood volume in unanesthetized cats implanted with bilateral cortical windows and EEG electrodes. Contin uous oscillations in the redox state and blood volume (�9/min) were observed during waking and sleep. These primarily metabolic oscillations of relatively high ampli tude were usually synchronous in homotopic cortical areas, and persisted during barbiturate-induced electro cortical silence. Their mean amplitude and frequency did not vary across different behaviorallEEG states, although the mean levels of cyt aa3 oxidation and blood volume Determinations of cortical energy consumption and blood flow in studies of cerebrovascular physi ology and higher cortical functions have revealed important features of cortical behavior after depar tures from the resting steady state. For example, it is now clear that experimental cortical "activation" by electrical, pharmacologic, or behavioral stimuli is followed by increases in cortical metabolism and/ or blood flow (Rosenthal and J obsis, 1971; Dymond and Crandall, 1976; Vern et aI., 1979; LaManna et Received May 29. 1987; accepted October 19, 1987 Abbreviations used: cyt aa3' cytochrome c oxidase (cy tochrome aa3) ; cyt min and max, minimal and maximal excur sions of cyt aa3 redox state, respectively; EMG, electromyog raphy; EOG, electrooculography; 590 min and max, minimal and maximal excursions of 590-nm signals, respectively; PMT, pho tomultiplier tube; REM, rapid eye movement.
during rapid eye movement (REM) sleep significantly ex ceeded those during waking and slow-wave sleep. These data suggest the existence of a spontaneously oscillating metabolic phenomenon in cortex that is not directly re lated to neuroelectric activity. A superimposed increase in cortical oxidative metabolism and blood volume occurs during REM sleep. Experimental data concerning cerebral metabolism and blood flow that are obtained by clinical methods that employ relatively long sample ac quisition times should therefore be interpreted with cau tion. Key Words: Cortical blood flow-Cortical oxidative metabolism-Cytochrome aa3-Metabolic oscillations -Rapid eye movement sleep-Reflectance spectropho tometry. aI., 1981; Sokoloff, 1981; Reis et aI., 1982; Roland et aI., 1982; Fox and Raichle, 1985; Krolicki et aI., 1985) . The physiological substrates of these re sponses, however, have not been completely iden tified. Furthermore, little is known about the dy namic characteristics of these metabolic and vas cular changes during spontaneous physiological state transitions, which may occur within several seconds. Such transitional periods cannot be studied by methods that generate small sample numbers, such as those employing radiolabeled mi crospheres (Marcus et aI., 1976) or that require rel atively long sample acquisition times {on the order of 40 s to several minutes for [14C]2-deoxyglucose (Sokoloff, 1981) , radiolabeled gases (Lassen and Ingvar, 1961; Obrist et aI., 1975; Roland et aI., 1982; Davis et aI., 1983; Risberg, 1986; Jagust et aI., 1987) , and positron emission tomography (Raichle, 1983; Fox and Raichle, 1985) }. Continuous moni toring techniques are required for this type of anal ysis.
We therefore employed reflectance spectropho-tome try to detect relative changes in the cortical cytochrome c oxidase (cyt aa3) redox state and blood volume during behavioral state transitions in unanesthetized cats. [Cyt aa3 is the terminal ele ment of the mitochondrial electron transport chain (Rosenthal et aI., 1976; Jobsis et aI., 1977) ]. This optical method has been shown to reliably and con tinuously indicate (a) the transient oxidation of cyt aa3 following cortical stimulation under conditions of an adequate provision of oxygen and metabolic substrates (Rosenthal et aI., 1976; Jobsis et aI., 1977) , (b) relative changes in cortical blood volume (Piantadosi and Jobsis-Vander Vliet, 1984) , and (c) variations in the supply of either O2 or substrates (Rosenthal et aI., 1976; Brazy et aI., 1985; Jobsis Vander Vliet, 1985; Bryan and Jobsis, 1986) . Whereas near-infrared transmission spectropho tometry of cortical cyt aa3 has been applied to un anesthetized animals and humans (Piantadosi and Jobsis-Vander Vliet, 1984; Brazy et aI., 1985; Jobsis-Vander Vliet, 1985) , reflectance spectropho tometry in the visible light spectrum (Mitnick and Jobsis, 1976; Rosenthal et aI., 1976; Jobsis et aI., 1977; Piantadosi and Jobsis-Vander Vliet, 1984) and NADH fluorometry (Chance et aI., 1962; Rosenthal and Jobsis, 1971; Vern et aI., 1981; Dora, 1984) , methods with greater spatial resolution, have been mostly utilized in anesthetized preparations. While changes in the redox state of cortical cyt aa3 and NADH are usually similar following cortical activa tion (Rosenthal and J obsis, 1971; J obsis et aI., 1977; Vern et aI., 1979; LaManna et aI., 1981; Piantadosi and Jobsis-Vander Vliet, 1984) , some reported dis crepancies (Dora, 1984; Dora et aI., 1984) suggest that experimental conditions, especially the use and selection of anesthesia, may influence the obtained results, e.g., pentobarbital (Rosenthal and La Manna, 1975; Marcus et aI., 1976) versus chlo ralose (Winters and Spooner, 1966; Dora et aI., 1984) . In this study, attention was focused on changes in the cortical cyt aa3 redox state and blood volume during waking, slow-wave sleep, and rapid eye movement (REM) sleep. We considered an analysis of these behavioral states to be advantageous be cause they are spontaneous and recurrent, and their transitions are characterized by distinctive changes in the EEG and in the CBP (Kanzow et aI., 1962; Reivich et aI., 1968; Satoh, 1968; To wnsend et aI., 1973; Seylaz et aI., 1975; Sakai et aI., 1979) . According to current theory, an increase in CBP may indicate an increase in cortical energy con sumption under conditions of normoxia and normo carbia (Obrist et aI., 1975; Rosenthal et aI., 1976; Jobsis et aI., 1977; Sokoloff, 1981; Davis et aI., J Cereb Blood Flow Metab, Vol. 8, No.2. 1988 1983). Consequently, we expected to observe sig nificant shifts in relatively constant baseline levels of the cortical cyt aa3 redox state and blood volume during transitions from slow-wave sleep to waking and to REM sleep, which may be considered as a model of generalized cortical activation. Our exper imental results, however, suggest that the sponta neous behavior of cortical oxidative metabolism and hemodynamics is significantly more complex because these parameters undergo continuous low frequency oscillations. Similar oscillations of both cortical metabolism and blood volume have been previously observed in glucochloralose-anesthe tized cats by means of fluorometric techniques (Dora and Kovach, 1981) , but neither cyt aa3 nor NADH oscillations have yet been described in un anesthetized animals during spontaneous behav ioral state transitions.
METHODS
The techniques of cortical window implantation and reflectance spectrophotometry have been described else where in detail (Vern et al., 1987a ). We will therefore only summarize them here.
Animal preparation
Seven adult cats of either sex (2-5 kg) were anesthe tized with either sodium pentobarbital 35 mg/kg i.v. (five cats) or halothane 0.5-2%/N20/02 mixture by inhalation. Under aseptic conditions, each cat was fixed in a stereo taxic head frame, and two circular, 8-mm-diameter cran iectomies were symmetrically performed over the poste rior suprasylvian gyri. The dura was reflected, two stain less-steel screws were driven on either side of each bony defect for bipolar EEG recordings, and several anchoring screws were placed in the calvarium. Permanent cortical windows were then implanted and secured with dental acrylic cement. Each window consisted of a black acrylic cylinder with a hollow core, with a planoconvex lens ce mented into the bottom end. Electrical connections for polysomnography were then established as follow: Stain less-steel screws were placed in one zygomatic bone and the frontal sinus for electrooculography (EOG). Nichrome wires, insulated except for 2 mm at the ends, were inserted into the nuchal muscles for electromyog raphy (EMG) and into subcutaneous tissue for a ground. All electrodes were led to an Amphenol plug that was then affixed to the calvarium with additional dental ce ment. The animal was allowed to recover for 4-7 days on prophylactic penicillin or ampicillin.
Optical system
To monitor the cortical cyt aa3 redox state and blood volume under both cortical windows, collimated light from a 75-W xenon arc lamp was filtered through a heat reflecting mirror (high cutoff 625 nm) and a long-pass col ored glass filter (low cutoff 530 nm). It was then focused to illuminate the entry points of two flexible, clad quartz rods (60-cm length, 1.5-mm diameter). Each rod was passed through a wall of the recording chamber, with its illuminating end cemented in the center of an acrylic plug machined to fit into one of the two cortical windows. Six additional quartz rods were placed circumferentially in each plug; these rods conducted the reflected 530-to 625-nm light from the cortex to one of two photomultiplier tubes (PMT) (RCA no. 4516), energized at 800 V. For each hemisphere, one PMT of the respective pair had a narrow-band interference filter (603 nm, 3-nm half-band width; Oriel) installed in its entry window; a 590-nm filter (3-nm half-bandwidth) was placed before the second PMT. The signals from each PMT, respectively indicating the intensity of reflected cortical light at 603 or 590 nm, were led to an eight-channel DC chart recorder (Beckman R6 1 1).
The redox state of cortical cyt aa3 was monitored by the 603-nm signals [the reduced form of this enzyme ab sorbs light at this wavelength (Rosenthal et aI., 1976; 10bsis et aI., 1977) ], while the 590-nm signals indicated changes in the local blood volume [this wavelength is "equibestic" for light absorption by hemoglobin (Ro senthal et aI., 1976; 10bsis et aI., 1977) ]. Light at 603 nm is also absorbed by hemoglobin. Changes in blood volume were therefore compensated by subtracting the 590-nm signal from the "raw" 603-nm signal after a 1: I gain matching of the respective amplifiers, achieved by interposing a 0. 1 neutral density filter into the common illuminating path. We have previously tested this optical system in anesthetized cats (Vern et aI., 1987a) and ob served stable signal levels, excellent common-mode re jection, and reproducible changes in the cyt aa3 redox state and blood volume during carotid occlusion and ter minal anoxia, similar to those described by others (Ro senthal et aI., 1976; 10bsis et aI., 1977; Kariman and Burkhart, 1985) . The effectiveness of the I: I gain ratio was tested in several cats by an intravenous bolus injec tion of 1-3 ml of normal saline; immediate postbolus equilibration levels rather than peak changes were com pared because the introduction of unoxygenated saline into the cortical fields may transiently alter the redox state of cyt aa3 (Rosenthal et aI., 1976) . We have found this gain-matching technique to produce a potential error of 7.2 ± 9.6% (SD) (range 0-27%; n = 7) in the cor rected cyt aa3 signal (603 -590 nm), calculated in rela tion to the amplitude of the simultaneous hemodilution induced increase in either the 603-or 590-nm signal (Vern et aI., 1987a) . This result indicates that, on the average, at least 93% of the corrected cyt aa3 signal (603 -590 nm) was derived from cyt aa3, with a relatively small and probably stable contamination from the blood volume (590-nm) signal in any single experimental run. The op tical signals were usually passed through electronic filters to attenuate high-frequency PMT noise. These filters were either the built-in Beckman EEG filters (0.3-s time constant) or custom-made "delta" filters with a sharp 50-db attenuation at 4 Hz. Relative changes in the optical signals were calculated in terms of percentage of the full scale signals recorded between the conditions of no illu mination and the resting state.
We should emphasize that our optical method is in principle a simplified version of the dual-wavelength technique commonly employed in NADH fluorometry (Chance et aI., 1962; Rosenthal and LaManna, 1975; Vern et aI., 1979, 198 1; Dora, 1984; Dora et aI., 1984) , in con trast to the "time-sharing" methods that engage a single photodetector, more commonly utilized in cyt aa3 studies (Rosenthal et aI., 1976; 10bsis et aI., 1977; Kariman and Burkhart, 1985) . The stability of the PMT outputs in our experiments was continuously indicated by the degree of drift of the recorded DC voltages. The mean drift of the compensated cyt aa3 signal with our system was pre viously found to be negligible [0. 1 ± 0. 1 (SD) %/h, n = 7] (Vern et aI., 1987a) . Any gain mismatch between the PMTs of either pair was electronically compensated.
Electrophysiologic measurements
Electrical signals from the Amphenol socket were led to a Grass model 6 polygraph. EOG, EMG, and bilateral EEG signals were continuously monitored. During exper imental sessions, two or three of these signals were si multaneously displayed on the Beckman polygraph (which recorded the optical data).
Experimental protocol
Four to 7 days following recovery from surgery, each cat was placed in a soft cloth sack gently tied at the neck, and its head was fixed to the stereotaxic frame with ear bars inserted into depressions previously shaped in the acrylic mound on the calvarium. This atraumatic tech nique minimized movement artifacts. The optical plugs and the EEG cable were then connected to the skull. A 25-W blue incandescent bulb provided illumination in the ventilated recording chamber, and the animal could be viewed through a two-way mirror. Two to five recordings (2-5 h each) were obtained from each animal between noon and 5: 00 p.m. over a period of 1-4 weeks. EEG stages of waking and sleep were identified according to accepted criteria (Kanzow et aI., 1962; Satoh, 1968; To wnsend et aI., 1973) . Prior to the last experimental ses sion in each cat, an intravenous catheter was placed in a forepaw. After baseline optical and EEG signals were ac quired, the inhaled gas mixture in three cats was tempo rarily altered by providing 5% CO2/95% O2 by mask for periods of 1-3 min. Graded intravenous doses of pento barbital were then administered to all cats (5-to lO-mg/kg increments) until electrocortical silence was obtained. Te mporary recovery from this state was allowed in sev eral experiments prior to killing the animals with an intra venous bolus of pentobarbital (150 mg).
RESULTS
All of the cats adapted to the restraining device rapidly, showing no signs of distress and usually entering both slow-wave and REM sleep during the first recording session. Sequential transitions from slow-wave to REM sleep to waking were recorded during at least one experimental session in each of six cats. Recurrent transitions between waking and slow-wave sleep occurred in all recordings. Optical signals were successfully obtained from both cor tical windows in four cats and from one window in each of the other three (three windows were perma nently obscured by intraoperative subpial hemor rhage and subsequent fibrosis).
We observed continuous oscillations of the 603-nm, 590-nm (blood volume), and cyt aa3 (603 -590 nm) signals in all seven cats (see Figs. lA and 2) . The "grand weighted mean" (Sokal and Rohlf, 1969, p. 178 ) frequency of the cyt aa3 oscillations <..., � ;;; <>-1:>0 ()
FIG. 1.
Optical and EEG recordings obtained from cat no. 1 during waking (A), following sequential injections of pentobarbital (B,C), and after an overdose of barbiturate (F). D: Record obtained following a brief, reversible respiratory arrest; E: Partial recovery of EEG and 590-nm oscillations after the respiratory arrest. MB, mean base-line level during waking (A). Subsequent mean levels of the 590-nm (blood volume) and cytochrome aa3 (cyt aa3) signals are indicated in terms of percentage departure (light absorption) from MB in A. Thus, "MB-6.0%" for the 590-nm signal in B indicates a relative decrease in blood volume, while "MB + 2.1%" for the cyt aa3 signal indicates a relative reductive shift in the redox state. Low-pass filter setting for these recordings: 30 Hz. Calibration arrows are in the direction of increased light absorption. Optical signal changes are expressed as percentage of total signal between no illumination and the level obtained during waking. RED., reduction; OXID., oxidation. 
...., � t-< across all behavioral states was 8.63 ± 0.07 (SEM)/ min (n = 1, 282), and it did not significantly differ between states during individual sessions (I test). There was no temporal relationship between these changes and either the respirations (monitored vi sually) or the heart rate (indicated by occasional small pulsation artifacts in the 603-and 590-nm signals). The frequencies observed during the indi vidual behavioral states (slow-wave sleep, REM sleep, waking) are shown in Ta ble I (the uncompen sated 603-nm signal characteristics were not calcu lated because they represent a mixture of both met abolic and hemodynamic changes). These values were calculated as grand weighted means from se lected slow-wave sleep-waking (n = 12) and slow wave sleep-REM sleep-waking (n = 11) transi tions. These particular sequences were chosen for analysis on the basis of the uniform clarity and sta bility of the optical recordings. The cyt aa3 oxida tive minima (cyt min) usually followed the 590-nm absorption minima (590 min) by 1-2 s ( Fig. IA and  B ). Amplitude and frequency modulation of these oscillations was often observed, and was unrelated to any obvious change in the EEG pattern (Fig. 2) .
Sequential doses of pentobarbital in each cat caused a reduction of the mean cyt aa3 redox state, a decrease in mean cortical blood volume ( Fig.  lA-C) , and a regularization and decrease of the oscillation frequency (Fig. lA-D) . A particularly important finding was the disappearance of 590-nm fluctuations during a period of persistent cyt aa3 oscillations, an isoelectric EEG, and significant va sodilatation immediately following recovery from barbiturate-induced respiratory arrest (Fig. ID) . Prior to death (Fig. IF) , the 590-nm oscillations in this case partially recovered, as did the EEG and the cerebrovascular tone (Fig. IE) . In experiments where the 590-nm fluctuations persisted during bar biturate-induced electrocerebral silence, the 603-nm and "compensated" cyt aa3 oscillations were also invariably seen. In each unanesthetized cat, the majority of the cyt aa3 redox cycles were asso ciated with a 590-nm oscillation, but occasionally the 590-nm modulation did not occur during one or two sequential 603-nm cycles; on the other hand, each 590-nm oscillation was always accompanied by a cyt aa3 cycle.
The mean levels of the minimal (cyt min, 590 min) and maximal (cyt max, 590 max) excursions of the cyt aa3 redox state and 590-nm signals, as cal culated from arbitrary baselines in the direction of increasing cyt aa3 oxidation and blood volume, did not significantly differ in a predictable way between waking and slow-wave sleep in individual re- cordings (Table 2 ). In those cases where mean blood volume decreased during waking relative to slow-wave sleep, the cyt aa3 oxidation level tended to increase. Highly significant (p < 0.001) increases in both cyt aa3 oxidation and blood volume, how ever, usually occurred during REM sleep as com pared with waking and slow-wave sleep ( Fig. 3 ; Ta bles 3 and 4). The increases in the mean cyt max and 590 max levels during REM sleep were as follows (average ± SEM): cyt max-1.71 ± 0.40% (n = 12, p = 0.001, REM vs slow-wave sleep), 1.42 ± 0.36% (n = 12, P = 0.002, REM sleep vs. waking); 590 max-1.48 ± 0.56% (n = 11, p = 0.003, REM vs. slow-wave sleep), 1.85 ± 0.42%, (n = II, p = 0.004, REM sleep vs. waking). The mean amplitude of the cyt aa3 and 590-nm oscilla tions did not usually differ significantly (p > 0.05) across the states of slow-wave sleep, REM sleep, and waking (Tables 1-4) , although the pattern of these fluctuations was often disorganized by super imposed large-amplitude and lower-frequency mod ulations during REM sleep (Fig. 3) . In one cat, these unusually large excursions at times preceded the onset of REM sleep, occurring during slow wave sleep prior to either successful (Fig. 4, top) or "abortive" (Fig. 4, bottom) transitions to REM sleep. A positive linear correlation (p < 0.001) was ob tained between the changes in cyt aa3 redox state and blood volume during all states in 70% of the sequences, when analyzing paired cyt aa3 and 590-nm oscillations. Interstate comparisons of these various parameters were evaluated by the 1 test for unpaired samples, employing the EPISTAT XT computer program. A significant (p < 0.001) differ ence between the variances of the samples, often encountered in the REM-slow-wave sleep and REM sleep-waking comparisons (Tables 3 and 4) , and during a few waking-slow-wave sleep compar isons (Table 2) "weighted t test" (Sokal and Rohlf, 1969, pp. 374-75) . Variances were always greater during REM sleep.
Bilateral synchrony of the cyt aa3 and 590-nm oscillations was observed during the majority of the recordings, although phase shifts and unilateral extra cycles or suppression of the fluctuations oc curred episodically in each cat (e.g., Fig. 2) . No in terhemispheric cross-talk between the bilateral illu minating light signals was encountered.
To determine an objective measure of the magni tude of the oxidative oscillations, the mean ampli tude of the cyt aa3 redox changes in waking during the terminal session in each cat was compared to the final reductive shift in the cyt aa3 redox state following the barbiturate overdose. This ratio was 0. 15 ± 0.002 (SEM) (range 0.05-0.22; n = 7). The mean terminal reductive shift of the cyt aa3 redox state [7.2 ± 2.49% (SEM) (range l.2-20.6%; n = 7)] exhibited a large variance because of the dif ferent fixed levels of inert optical signal intensities registered during these final sessions (see below). The inhalation of 95% O2/5% CO2 by unanesthe tized cats caused an oxidative shift of the cyt aa3 (-1-2%) and variable changes in the 590-nm signal; this procedure was not routinely employed because of a marked arousal effect on the animals.
The mean baseline drift of the cyt aa3 (differen tial) signal during individual recording sessions was 0. 03 ± 0.026 (SEM) %/h (n = 7), calculated rela tive to the full-scale optical signal between no illu mination and the waking state. Minor head move- 
Each row of data is derived from a single slow-wave sleep-waking (cat no. 1) or slow-wave sleep-rapid eye movement sleep-waking (cat nos. 2-7 ) sequence. Differences were analyzed by a two-tailed t test for unpaired samples; those entries marked by "Y" were characterized by variances that differed significantly (p < 0. 001), and a weighted t test was applied to these cases. NS, not significant (p > 0. 05). (+) , increased blood volume in waking vs. slow-wave sleep or increased oxidation of cyt aa3 during waking vs. slow-wave sleep; (-), decreased blood volume in waking vs. slow-wave sleep or decreased oxidation of cyt aa3 during waking vs. slow-wave sleep. a p < 0. 001. b 0. 01 < P < 0. 05.
e 0. 001 < P < 0. 01. There are tonic and phasic increases in blood volume (590-nm signal) and cyt aa3 oxidation, as well as a disorganization of the oscillatory pattern during REM sleep. Both blood volume and cyt aa3 signals return to the SWS baseline levels after the transi tion to W, then SWS. Low-pass filter setting: 0.3-s time contant. See Fig. 1 for other abbreviations.
ments occasionally introduced a DC offset voltage shift in the 603-nm and/or the 590-nm signals owing to a reversible displacement of the quartz rod cou pling, but baseline levels were readily reestablished by electronic compensation. A whitish opacifica tion often appeared under the cortical windows be tween 2 and 4 postoperative weeks. Nevertheless, changes in cortical light absorption were reliably recorded in all cats, even though the biologically irrelevant (specular plus inert diffuse reflectance) component of these optical signals tended to gradu ally increase in some cases. The "inert" reflec tance during each session was of fixed magnitude and therefore introduced no appreciable noise. A high-frequency, PMT -generated stable noise signal [mean 0. 9 ± 0. 18% (SEM); n = 6] was effectively reduced by 90% with the low-pass filters without significantly changing the time course, phase rela tionships, or amplitudes of the oscillating optical signals.
DISCUSSION
We have demonstrated spontaneous and sus tained oscillations of the cortical cyt aa3 redox state and blood volume in unanesthetized animals. The blood volume changes are indicative of local varia tions in CBP, assuming a relatively constant cere bral perfusion pressure and no change in the resis tance to venous outflow. Several groups of investi gators have previously reported low-frequency rhythmic fluctuations in the levels of cortical P02 and blood flow in anesthetized cats (Davies and Bronk, 1957) and in unanesthetized cats (Clark et al. , 1958) , rabbits (Marczynski, 1960) , monkeys (Moskalenko, 1975) , and humans (Gretchin, 1969; Seylaz et al. , 1970; Cooper and Crow, 1975; Dy mond and Crandall, 1976) . These oscillations (unre lated to heart rate, respirations, or blood pressure) were originally termed "oxygen availability waves" (Clark et aI. , 1958) , and they have appar- Table 2 Cat no. Sequence 590 nm (min) 590 nm (max) 590 nm (amp)
, increased blood volume (590-nm signal) or increased oxidation of cyt aa3 during REM vs. slow-wave sleep; ( -), decreased blood volume or decreased oxidation of cyt aa3 during REM vs. slow-wave sleep. For other details, see Table 2 . Table 2 Cat no. Sequence 590 nm (min) 590 nm (max) 590 nm (amp)
, increased blood volume (590-nm signal) or increased oxidation of cyt aa3 during REM sleep vs. waking. For other details, see Table 2 .
ently remained as a physiological curiosity. An in spection of their waveform characteristics and typ ical frequencies, however, reveals a striking simi larity to the cortical cyt aa3 and blood volume oscillations in our study; in our opinion they repre sent the same phenomenon. In the past, these rhythmic changes were considered to be of primary hemodynamic origin (Severinghaus, 1975; Jobsis et aI. , 1977) or to represent a local feedback mecha nism linking cortical metabolism to vascular reac tivity (Moskalenko, 1975) . In contrast, our data suggest that they are of primary metabolic origin, and that they are organized on a cerebral level sig nificantly higher than that of "local feedback" in view of their predominant bilateral synchrony in homotopic cortical regions. Jobsis et al. (1977) proposed that the rare occur rence of cortical cyt aa3 oscillations during reflec tance spectrophotometry in rats and cats was prob ably due to "incipient" cortical edema, and studies employing a fluorochrome optical probe also failed to reveal oxidative or blood volume oscillations in cat cortex (Mitnick and Jobsis, 1976) . These studies, however, were performed in either anes- thetized or cerveau isole preparations. We also did not detect cortical oscillatory behavior in acutely prepared cats (Vern et aI., 1987a) , and others have reported that the spontaneous oscillations of cor tical P02 do not appear until after 2 or 3 days of postoperative recovery (Clark et aI., 1958) . Peri operative trauma, perhaps in combination with an esthesia, may thus temporarily suppress the oscil lating cortical mechanism. On the other hand, Dora and Kovach (1981) , employing fluorometric tech niques, observed oscillations of both cortical blood volume and NADH redox state in acute cats anes thetized with a-D-glucochloralose and fitted with a glass window over the parietal cortex. They de scribed three types of oscillation: (a) Hering-Traube waves (2-3/min fluctuations in synchrony with spontaneous changes in arterial blood pressure), (b) 112-5 min cycles induced by nitrogen anoxia or glucose infusion in hypotensive animals, and (c) 5-10/min oscillations observed in normotensive cats without evidence of cortical edema. The latter oscillatory pattern is quite similar to that observed in our unanesthetized cats. In addition, these au thors found the NADH cycles to lag behind the blood volume changes by 1-2 s, a result similar to our observations of cyt aa3 redox behavior and sup portive of the concept that all elements of the intra mitochondrial electron transport chain should dem onstrate similar changes in redox state under con ditions of adequate substrate and O2 supply. Although Dora and Kovach's spontaneous "type c" oscillations of the cortical NADH redox state and blood volume (1981) (see above) may well rep resent the same physiological phenomenon de scribed in the present study of cyt aa3' a direct comparison between their results and ours is lim ited for several reasons: (a) Their animals were acutely prepared and anesthetized with glucochlor alose, a substance that may exert stimulatory ef fects on cortical metabolism, as suggested by inter ictal-type epileptiform EEG activity (Winters and Spooner, 1966) ; our animals, on the other hand, were studied in the unanesthetized state during spontaneous behavioral state transitions. (b) Their "type c" oscillations were found to subside as the anesthesia wore off, and could be reinduced by ad ditional doses of glucochloralose. (c) It is not clear from whether a proposed complete dissociation between metabolic and hemodynamic oscillations occasionally oc curred, either spontaneously or following CO2 in halation or Nz-induced anoxia. The regularization and slowing of the cortical oscillations by pentobarbital in our study resemble the effects of barbiturates on cortical P02 and blood flow oscillations described by others (Clark et aI., 1958; Moskalenko, 1975) . This suggests an under lying energy-dependent mechanism. The occa sional absence of 590-nm (blood volume) cycles during persistent cyt aa3 redox fluctuations in our unanesthetized cats, and the complete but tempo rary postbarbiturate abolition of blood volume oscillations during the persistent cyt aa3 oscilla tions shown in Fig. ID , strongly suggest that the cyclic increases in cortical oxidative metabolism represent the primary oscillatory process, followed by reflex hemodynamic changes. The average am plitude of the spontaneous cyt aa3 redox cycles (Table 1) , relative to the maximal terminal reductive redox shift, may indicate the degree of change in cortical energy consumption during the cycling pro cess. It is then of considerable interest that this am plitude is at least as great as those previously ob served after focal electrical stimulation of the cortex (Rosenthal et aI., 1976; 10bsis et aI., 1977; LaManna et al., 1981; Piantadosi and 1 obsis-Vander Vliet, 1984) .
The physiological and anatomical substrates of the oscillating phenomenon remain to be identified. Persistence of the cyt aa3 redox oscillations during electrocerebral silence and the usual absence of a significant difference in either the mean amplitude or frequency of the cycles during slow-wave sleep, REM sleep, and waking suggest that the respon sible mechanism is not directly related to the gener ation of cortical neuroelectric activity (at least as indicated by the EEG). In this regard, Aladjalova (1957 Aladjalova ( , 1969 described oscillations of cortical and subcortical DC potentials in unanesthetized rabbits. The frequency of these DC cycles and changes following barbiturate administration was very similar to our observations with cyt aa3 and to the barbiturate effects on P02 oscillations pre viously reported (Clark et aI., 1958) . Since the DC cycles could be recorded from discrete regions of relatively pure glial tissue in the area postrema as well as in an "axodendritic slab" cortical prepara tion (Aladjalova, 1969) , the presence of neuronal somata may not be necessary for the generation of the oxidative fluctuations. In addition, inhibition of both glycolysis and oxidative phosphorylation sup pressed the oscillatory mechanism in these rabbit preparations, further strengthening our contention that the primary rhythmic process is metabolic rather than hemodynamic in nature. Marczynski's observation (1960) of slow oscillations of P02 in cortical and subcortical structures in unanesthe tized rabbits, as well as Aladjalova's results, also suggest that the oscillations may be a global cere bral phenomenon. The significant increases in the mean levels of cyt aa3 oxidation and blood volume during REM sleep in our cats may have provided a clue to the nature of the oscillating mechanism. Our results are, in fact, the first direct demonstration of the metaboli cally unique nature of REM sleep, a possibility pre viously suggested on the basis of cortical blood flow studies (Kanzow et aI., 1962; Reivich et aI., 1968; Satoh, 1968; To wnsend et aI., 1973; Seylaz et aI., 1975; Sakai et aI., 1979) . One of the theories concerning the physiological significance of REM sleep concerns the possible role of this state in the development and maintenance of some cortical characteristic or function. That this function may involve protein synthesis is suggested by the high rate of cortical protein synthesis during early cere bral development, at a time when REM sleep occurs frequently (Roffwarg et aI., 1966) , and by the disturbances in REM sleep that follow the ad ministration of protein synthesis inhibitors (Drucker-Colin, 1979) . Protein synthesis, which may occur in a cyclical manner, is an energy-re quiring process, and Hyden (1967) has shown that the cortical glia are extremely active in the syn thesis of RNA and its transfer to neurons. Ramm and Smith (1987) , however, recently demonstrated a relative increase in L-[14C]leucine incorporation by the entire brain during slow-wave rather than REM sleep. The issue of behavioral state-depen dent protein (or peptide) synthesis thus clearly de serves more careful study.
The neuronal and glial cell culture studies of Geiger (1963) have revealed another possible mech anism of cortical oscillation: (a) Both neurons and glia contract rhythmically and spontaneously while in culture, and (b) when a glial cell is attached to a neuron, it secretes some substance that is then taken up by the neuron during each glial contrac tion cycle. The oscillation frequency of the several types of glia described was slower than the cyt aa3 redox cycles in our experiments, although the cul tured glia responded to exogenously applied neuro transmitter substances (e.g., norepinephrine, sero tonin, acetylcholine) with "marked" changes in the frequency and amplitude of the contraction-relax ation cycles. Such cellular contractions, were they to occur in the in vivo cortex, would require en ergy. Other cellular mechanisms that may utilize energy in a cyclical pattern include glycolytic and mitochondrial oscillations (Chance et aI., 1973; Hess and Boiteaux, 1973) and fast axonal transport (Pollard, 1981) .
The predominance of bilateral synchrony of the cortical oscillations that we have detected in two homotopic cortical regions must be considered in J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 the context of previous reports of an absence of synchrony of the cortical P02 and DC potential cycles when recorded between unilateral cortical foci separated by more than several millimeters (Aladjalova, 1957; Clark et aI., 1958; Cooper and Crow, 1975; Moskalenko, 1975) . This discrepancy may indicate that the oscillation frequency may be a unique property of functionally distinct cortical regions (Cooper and Crow, 1975) , and that homo topic cortical foci are synchronized by a topograph ically organized interhemispheric communication system.
The results of this study have thus placed the well-documented phenomenon of low-frequency cortical oscillations, which are undetectable by currently employed noninvasive clinical methods, into a new perspective. Although these primarily metabolic oscillations are not directly related to EEG activity, they may represent a functional rela tionship between neuroelectrical signal transmis sion and more complex secondary cellular mecha nisms, including neuronal-glial interactions and the synthesis of proteins, neurotransmitters, and/or other important substances. These "secondary" processes may, for instance, be related to neuronal plasticity and the formation, restructuring, and re trieval of memory traces. Further investigations of the physiological, pharmacological, anatomical, and behavioral substrates of these oscillating phe nomena are clearly indicated. Such studies may add a new dimension to the understanding of the nature of cortical functional organization.
